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A study of  the ignition  of ammonia and mixed oxides  of  nitrogen at 
160° F wa6 made with and  Kithout f u e l  addi tFves uti l izing  smdl"scale 
rocket  engines of  approximately 200 pounds t h r u s t .  A l l  experiments were 
conducted at sea-level  pressures  except tm at pressure a l t i t u d e s  of  
61,700 and 84,300 feet. Each experiment at sea-level pressure resulted 
i n  a start which a t ta ined  fu l l  chamber pressure and which w86 followed 

were obtained at subatmospheric pressures. Fuel-line additives w e r e  
u s e f u l  aids i n  engine starting; lithium was more effective  than  calcium. 

I by stable combustion. Successful ignit ions b u t  unsatisfactory starts 

* 

The propellant combination o f  l i qu id  anrmonia and mixed oxides  of 
nitrogen is  attractive primarily because of i t s  thermal s t a b i l i t y  and 
its compatibility with ordinary materials of construction (ref. 1). 
Because of i t s  nonhy-pergolic nature at and below room temperature,  an 
experimental  investigation was conducted t o  determine the type  and 
amount of f u e l  additive  necessary  to  produce  ignition  and  sustained com- 
bustion (ref. 1). It w a s  found that s m a l l  amounts of l i t h i u m  or  calcium 
i n s e r t e d   i n  the amonia  f low  l ine induced satisfactory  rocket-engine 
starts from room temperature t o  -85O F. 

Although these experiments yielded m e a n s  fo r  starting rocket  engines 
i n  the indicated temperature range at  sea-level  pressure, the feas ib i l -  
ity of producing similar results at higher temperatures  and subatmospher- 
i c  pressures by the same methods remained unknown. In order  to deter- 
mine whether the results of reference 1 were applicable  to  other condi- 
t ions,  the investigation was extended t o  include experFments with 200- 

and the results are reported  herein. 
- pound-thrust  engines a t  160' F and pressure altitudes to 84,300 feet, 



APPAFWTUS AND PROCEDURE 
" 

The apparatus consisted  of.small-scale  rocket  engines of approxi- 
mately  20-pounds t h r u s t ,  propellant  valves  and tanks, a catalyst   re-  
ceptacle   in  the f u e l  flow l i n e ,  a gas pressure-supply  reservoir, means 
for  obtaining  desired  temperature  and  init ial  ambient pressure  condi- 
t ions,  and instrumentation for indicating  and  recording combustion- 
chamber pressure and other  operating  variables. Except for  a few modi- 
f icat ions,  the en t i r e  system was essent ia l ly  the same a B  the low- 
temgerature tes t   faci l i ty   descr ibed  in   reference I and is shown, with 
the changes, i n  figure 1. 

d al 
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Two engines were used i n  th i s  investigation. They differed  only  in  
length, having  characterist ic  lengths L* of approximately 50 and 25 
inches. The larger  one was used for  all experiments at sea- levelpres-  
sure. The smaller one was employed i n  only two rum,  each at 8 U b a t m O S -  
pheric  pressure. Both had s ta inless-s teel   in jector  heads  and spun a l u -  
minum chambers and  nozzles. A schematic diagram of the engines is  shdwn 
i n   f i gu re  2. 

In  order to provide  the  required high ambient temperature of 
160' F, the en t i re  engine  assembly  and propellant  tanks were immersed i n  
a water bath containing  five 1500-watt electric  resfstance  heaters.  To 
prevent  engine burnouts during  operation, a portion of the water W&B 4 

pumped at  hFgh velocity  through a c lose-f i t t ing shroud  surrounding  the 
nozzle. 

- 

Means for  simulating  subatmospheric  pressures used  i n  some of the 
experiments  included a 1500-cubic-foot a l t i t u d e  tank, a large vacuum 
pump, and  other  auxiliary equipment. The system is described  in detail 
in  reference 2. 

Catalyst  addition  to  the f u e l  line,  propellant-tank loading, and 
engine  operation were all similar to  the  corresponding  procedures  out- 
l ined  in   reference 1. 

Runs were conducted H t h  and  wtthout catalysts. When a catalyst  
was used,  approximately 1 gram was placed  in   the ammonia-line receptacle 
( f ig .  3) pr io r   t o  each  propellant  loading, which consisted of 3 t o  5 
pounds of  f u e l  and 4 t o  7 pound6 of oxidant. The propellant  charge wae 
usually  sufficient  for two t o  SIX runs.  Presence of small amounts of 
catalyst  after exhaustion of the propellant  eupply  indicated  an eXcesB 
a t  all times. Because of  this operating  procedure, the amount of cata- 
ly8t consumed during each run w a s  indeterminate. After each series Of 
runs  with a particular  catalyst . ,   the  entire  propellant f l o w  system in- . 
eluding the engine was cleaned  and  dried by the  consecutive use of  e i ther  
water, denatured alcohol, and helium (lithium ser ies )  o r  dilute nitric 
acid, water, acetone, and helium (calcium se r i e s ) .  . 
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In  each  run, the time for  full valve  opening was about 0.2 second. 
FLU. propellant flow was obtained at about 3/4 f u l l  valve qpening. Time 
intervals from the beginning of Injection-pressure  r ise t o  steady-state 
conditions of propellant f low and combustion-chamber pressure were of 
the same order of  magnitude as those  reported  in  reference 1 (0.3 t o  
1.0 sec) . Propenant  injection  pressures were approximately 500 
pound6 per  square  inch  gage. 

w 
f-l 
Q, + 

The response rate of  the   en t i re  chamber-pressure recording system 
was determined  experimentally. The h p o s i t i o n  of a step change upon the 
system yielded 63.4 percent of the maximum va lue  i n  approximately 0.025 
second. 

The f u e l  used i n  all the experfments was ref'rigeration-grade anhy- 
drous  amonia which conformed to  Federal  Speclfication 0-A-445. The 
f u e l  additives were lithium and  calcium  and were t rea ted  as described  in 
reference 1. The oxidant, "mixed oxides of nitrogen," was a mixture  of 
NO and NO2 with the composition 26.7 w e i g h t  percent  nitric  oxide and - 73.3 weight percent  nitrogen  dioxide. 

Lithium as Catalyst 

Slxteen  runs w e r e  conducted with the 50 inch L* engine at approxi- 
mately 160° F and sea-level  pressure  using lithium as the ignition cata- 
lyst. The calculated  oxidmt-fuel weight ra t io s  O/F varied from 1.9 t o  
3.0. A summary of  the  ignition data is shown i n  table I. A p lo t  of 
combustion-chamber pressure as a function of time  measured  from the be- 
ginning of propelLant flow through the propellant  valves is presented for 
each  run i n  figure 4. (The values of pressure for run 221 are not  abso- 
l u t e  because of the superimposition  of a small, variable  instrument  zero- 
s h i f t . )  Ekcept f o r  two r u n s  i n  which sharp pressure transients of short  
duration  occurred, a smooth engine start followed by stable cambustion 
was obtained i n  each test. 

In  general, the rise of  chamber pressure  to its peak equilibrium 
value  was not  continuous, b u t  included a point  of  inflection beyond which 
the pressure  increased  very  rapidly  to a value near i t s  maximum (f ig .  4 ) .  
Although this pattern  occurred i n  every case, i t  was more clearly  defined 
i n  some r u m  than in  orders  (e .Q., runs 222 and 227) . The chamber pres- 

chronological series of events. From the moment that the  propellant 
valves began t o  open until an i n i t i a l  pressure rise was ind-icated i n  the 

. sure course of  a typical rua,may be described i n   d e t a i l  by the following 

1 
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chamber, there w a s  a time in te rva l  of about 50 milliseconds. This delay 
period was due to   three  factors :  (1) the flow of propellants from the 
valves,  through  the  injector,  and  into  the chamber, (2) the  ignit ion de- 
l ay  of the propellant combination,  and (3) the &lay  in  instrument re- 
sponse. After beginning a t  a rate of  approximately 2000 pounds per 
square  inch  per second, the  pressure  increased a t  a decreasing rate un- 
til it  leveled off  at about 200 pounds per square  inch gage approximately 
250 milliseconds after the start of propellant  flow. After a period of 
time at this level  ranging from <10 t o  about 60 milliseconds, the pres- 
sure  usually  rose at a very rapid rate (as much as 4500 psi/sec)  and 
then  leveled off again at some value that either remained constant or  
changed s l igh t ly  as the components of the propellant  feed system ap- 
proached  equilibrium. Combustion-chamber pressures near  equilibrium 
values were reached 300 - t o  400 .mUiseconds  af ter   inFt ia l  movement of 
the propellant  valves, and  ranged from about 220 t o  370 pounde per  square 
inch gage. 

. 

3 
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In  addition  to this general  pattern, two of the  runs had sharp 
transient  pressure  pulses which occurred  during the first pressure rise 
(100 to  150 millisec  after  valve  opening) and which had a duration of 
about 20 milliseconds  (runs 221 and 225). The magnitudes of these i m -  
pulses are unknown because the  ra tes  of pressure rise were greater than  
the  instrument  response  rate;  therefore the p e a  shown in   f igure  4 ac- 
tual ly   indlcate  minimal possible values .  Indications of similar incip- 
ient  reactions at about the 6ame t i m e  were shown by some of the  other 
rum.  

Calcium as Catalyst 

A s e r h s  of  eight runs was made with the 50 inch L" engine at about 
160' F and sea-level  pressure  using  calcium aa the  catalyst .  Oxidant- 
f u e l  ra t ios   var ied From 1.9 t o  3.0. Results of these experFments a r e  
also shown i n   t ab l e  I. Combustion-chamber pressure  against  time  relations 
are shown fo r  all runs in   f i gu re  5. As in  the  preceding  series,  each run 
was  characterized by successful  ignition and stable combustion. 

I n  general,  the chamber pressure-time  curves  produced by these run8 
differed from the lithium runs  in  that   they were less reproducible  and 
took  longer  to  reach  the  final  pressure  value. Also, i n  contrast   to  the 
lithim seriee,   there was no typical  pattern  that   could.be used t o  de- 
scribe all the runs as a whole. There were  some s imi la r i t i es ,  however, 
between the two se t s  of exgeriments. Most of the calcium-catalyzed  runs, 
for example, also showed two discrete   pressye  r ises   before   equi l ibr ium 
was a t ta ined;   in  two  of the runs, however, the first pressure r i e e  ap- 
peared  to be entirely  absent  (runs 237 and 238). As i n  the lithFum Be-  
ries, the fixst pressure rise leveled off at about 150-200 pounds per 
square  inch gage; i n  contrast,:however, the duration of this   plateau was - 

- 
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as long as 700 t o  900 milliseconds i n  some cases  (runs 240 and 241).  
Chamber  pressures  near  final  equilibrium values were at ta ined 300 to  
UOO milliseconds after ini t ia l   propel lant-valve movement and  ranged 
from about  250 to  350 pounh  per  square  inch gage. 

Sharp transient  pressure  pulses  encountered  in  the l i t h i u m  series 
were a l s o  present in  some of the calcium  runs.  In two instances,  the 
sudden pressure rises occurred a t  the  transition  point between the two 
pressure plateaus ( r u n s  240 and 241) and were of  greater magnitude than 
impulses which occurred earlier in   the  igni t ion  interval  (e.g.,  run 239). 

No Apparent Catalyst 

A t  approximately 160’ F, seven runs were conducted i n  which no ca- 
ta lys t  was placed  in  the  fuel-l ine  receptacle;   the f l o w  l i n e s  had  been 
chemically  cleaned as mentioned previously.  Oxidant-fuel  ratios  varied 
f r o m  2.1 t o  2.6. Results of these  experiments are also included  in 
table I. Combustion-chamber pressure - time relat ions are shown plot ted 
i n  f igures 6 and  7. 

Five r u n s  were made d t h  the 50 inch L* engine a t  sea-level  pressure. 
As with all runs  previously  reported, no ign i t ion   d i f f icu l t ies  w e r e  ex- 
perienced. Engine starts reached full steady-state chamber pressures and 
the subsequent combustion reactions were stable.  

The pressure-time  curves  resembled  those of  the calcium ser ies  and 
were j u s t  as erratic- ( f ig .  6). The two-step pressure levels w e r e  c lear ly  
discernible   in  two of  the  r u m  (runs 244 and  246), b u t  were masked by 
irregularities f n  the others. In  runs 244 and 246, the first plateau 
began about 150 milliseconds after start of propellant flow and  increased 
from 150 t o  200 pounds per  square  inch gage over a period of 350 t o  550 
milliseconds. In each of these two rum, a sharp and  very  short  trans- 
ient  pressure pulse occurred a t  the end  of the first pressure  plateau and 
appeared t o   i n i t i a t e  the subsequent  pressure rise to the second  and 
higher  level. The other three runs  (runs 243, 245, and 247) had s i m i l a r  
pressure  pulses of lesser  magnitude. The final.  equilibrium  pressures 
were about 350 pounds per square inch gage (except f o r  run 247 i n  which 
it  was never  reached  because of depletion of propellants)  and were at- 
tained 500 t o  800 millisecond6 after i n i t i a t i o n  of  propellant flow. The 
values of  pressure -e- in   the  same range as those i n  the preceding two 
series. 

Since all preceding runs i n  this project had yielded  posit ive re- 
sults, i t  was decided that more severe  conditions  of  init ial  ambient pres- 
sure and chamber  volume mUld be imposed i n  a f e w  auxi l iary tests with 
no added catalyst. Two more runs were made, each of which differed f r o m  
all foregoing ones in two respects: (1) a 25 inch L* engine was used, 
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and (23 the pressure  a l t i tudes were 61,700 feet  (run 249) and 84,300 fee t  
(run 248). A s  with all other  runs  reported  herein, no ign i t ion   d i f f icu l -  
ties were experienced; however, satisfactory  engine  starts were not ob- 
tained  since  the  final  equilibrium  pressures never  exceeded 150 pounds 
per square  inch gage, a value which is considered too low for proper 
engine  operation. Although the two  discrete  pressure  levels shown by 
previous r u n s  were a l s o  evident  in these experiments,  they were not  very 
prominent in   run  248 ( f ig .  7 ) .  In both  runs,  there were indications of 
the  attainment  of  the first pressure  plateau  at- e100 pounds per  square 
inch  gage. 

I 

d 

to 2 
Since no catalyst  was added,to the system i n  any of  the  runs  in   this  

se r ies  and  since  certain  l ight metals are  successful  catalysts,  it ap- 
pears that the ignition  reaction. may have been  catalyzed by the aluminum 
engine  and f i t t i n g s   i n   t h e   f u e l  flow l ine .  The poss ib i l i ty  also exis t s  
tha t  ammonia and &xed oxides of'nitrogen . a r e  self-ignit ing a t  160° F. 

DISCUSSION OF R E F T S  

All results  reported  herein were obtained trith the use of quick- 
opening  propellant  valves;  therefore any conclusions derived from them 
are   s t r ic t ly   appl icable  o n l y  t o  similar rap id - in i t i a t ions  of propellant 
flow. 

. .  
.. . .  

Although  engine starts at ta ining fulJ steady-state combustion-chamber 
pressures were obtained  in all rbs  at sea-level.  pressure  regardless of 
type or presence of catalyst,  the  various means of ignit ion were not 
equally sui table  i n  performance: Of the three methods, the use of l i t h -  
ium wa6 the most desirable becauee it yielded  consistently good starts i n  
which the final steady-state combustion-chsmber pressures were reached in 
the shortest   period of time.  In.contrast . w i t h  the lithium series,  engine 
s t a r t s  made with calcium as  the  catalyst  and  with no apparent  catalyst 
were comparatively  undesirable  because  they were erratic  with  respect  to 
combustion-chamber pressure changes with time,  they had pressure  tran- 
s ien ts  of much greater magnitude. than  the final steady-state  values, and 
the  times t o  a t t a i n  maximum chamber.pressure were usually  considerably 
longer. 

.. 

. -  

No definite explanation  for  the observed  occurrence of two distinct 
pressures  that were constant  with  time  can be offered. It is not due to  
mechanical peculiarities  inherent  in  the  experimental  apparatus  since 
similar results were obtained w i n g  experiments-with  the same propellant 

", 
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combination i n  another  engine  (ref. 1). Perhaps the two-step  pressure- 
t i m e  curves are due to  consecutive chemical reactions  such as n i t r a t ion  
followed  by  oxidation.  Contribution of each  of these react ions  to  a 
successful  engine  start may be depicted  schematically as i n  figure 8(a). 
Another poss ib i l i ty  i s  that flash d i s t i l l a t i o n  of the mixed oxides of  
nitrogen  occurs as it enters  the combustion chamber so that any s ignif-  
icant   react ion  in   the chamber involves  only one of the oxides   ini t ia l ly .  
Oxidation  involving  both  oxides i s  delayed unt i l   the   pressure and temp- 

CFI erature  have increased  appreciably. This may be shown graphically as 
E i n  figure 8(b) . St= other  -lanations  appear  possible. 
rp 

The stmutaneous  reauction of L" and i n i t i a l  ambient pressure e- 
creased combustion eff ic iency  to  a point where satisfactory  engine op- 
erations were not  obtained i n  r u n s  w-ith no added catalyst  (runs 249 and 
248, f i g .  7 ) .  The shorter  propellant  stay-time  in  the smaller combustion 
chamber may have  accounted i n   l a r g e   p a r t   f o r  these results. Although 
the  reduced  pressure may be another  factor  contributing  to the unsuccess- 
f u l  engine s t a r t s ,  it is probably of lesser  importance. 

SUMMARY OF RESULTS - 
A s t u d y  of the igni t ion of  ammonia and m i x e d  oxides of nltrogen a t  

160° F was made with and  without f u e l  addittves primarKLy a t  sea-level 
pressures utilizing a Small-scale rocket engine of appro-tely 200-pamds 
t h r u s t  and a character is t ic   length I,* of 50 inches.  In  addition, some 
auxi l iary experiments were conducted at pressure a l t i t udes  of 61,700 and 
84,300 f ee t  with a similar engine of 25 Inch L*. Oxidant-fuel  ratios 
ranged from 1.9 t o  3.0. 

A l l  29 runs of this  investigation conducted at sea-level pressure 
resulted i n  engine starts mich were followed by stable combustion re- 
actions  and which yielded steady-state coubustion-chamber pressures  rang- 
ing from 238 t o  452 pounds per square  inch gage. 

The use  of  l i t h i u m  as a fuel- l ine  addi t ive w8.s the most effect ive of  
the three s t a r t i ng  means. It resulted i n  consistently good starts i n  
which steady-state chamber pressures were a t t a ined   i n  the shortest  periods 
of t i m e .  Runs with either calcium as a fuel-l ine additive or with no ad- 
dit ive  generally  required much longer t i m e  intervals  to  reach  steady-state 
operating  conditions,  occasionally exhibited excessively hfgh pressure 
pulses, and were usually more e r r a t i c  with respect to  m i a t i o n s  of 
combustion-chamber pressure with time. 

A successful  ignit ion b u t  an  unsatisfactory start wa8 obtained with 
each  of two r u n s  conducted at subatmossheric  pressures with no added 
catalyst .  
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CONCLUDrnG F@aARKs 

Although it  has been shown that ZLO ign-ltion or s t a r t i ng   d i f f i cu l t i e s  
w i l l  occur at sea-level  pressure.under the exgerimental  conditions de- 
scribed  herein,  there  are s t i l l  some questions which remain unanswered 
by these  results.  

(1) It is not known whether aluminum i n  the form  of chamber walls 
and fue l - l i ne   f i t t i ngs   ac t s  a8 an igni t ion  catalyst  at 160' F. An an- 
swer to  this  question  could be obtained with apparatus of s ta in less -s tee l  Ql 

dc 
rl 

components. m 

(2)  If i t  is  shown that  aluminum i s  not a catalyst ,  i t  may be con- 
cluded that igni t ion at 160' F i s  a thermal phenomenon. In that case, 
determination of the minimum thermal  igaition  temperature would be of 
definite  value,  especially  in  design  applications. 

(3) The ef fec ts  of variations of propellant f l o w  r a t e s  and program- 
ming on engine s ta r t ing   charac te r i s t ics  are  not kaown. If this  informa- 
t ion were available, smooth starts without high pressure  transients might 
be obtainable  with  catalysts  other than lithium. 

(4) Additional experiments with various fuel-- additives &re 
needed to  define the bounding limits of parameters 8uch as c b a c t e r i s t i c  
chamber l e n g t h ,   i n i t i a l  ambient .pressure, and oxident-fuel  ratio which 
must  not  be  exceeded i n  order to  maintain  satisfactom  engine  start ing 
and  operation. 

(5) It would be of value t o  determine the role  of each component of 
mixed oxides of  nitrogen  in  the  , ignit ion  process.  

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, March 19, 1954 
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Figure 1. - Diagrammatic sketch of  rocket-engine flow syetem f o r  i gn t t i on  
expe rben t s  a t  EOO F. 
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Figure 2. - Detailed views of 200-pound-thrust engines. (All dlmenslons are In  Inches.) 
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Metal additive 

Figure 3. - Fuel-line catalyet  receptacle. 
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Figure 4 .  - Variation of chamber pressure with time for ruu8 using lithium as ignition 
catapt. Sea-level pressure; L* = 50 lnchea. 
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Figure 4 .  - Concluded. Variation af chamber praasurs with time for runs using lithium 
aa Igni t ion   cata lyst .   Sea- leve l  pressure; L* = 50 Inches. 
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(a) Pressure altitude, 61,700 feet. 
2bo 

100 

0 100 200 300 400 500 600 700 800 900 1000 no0 1200 1300 1400 
T h e ,  millisec 

(b) Pressure altitude, 84,300 feet .  

Figure 7. - Variation o f  chamber pressure with time for runs wlthout added ignitian 
catalyst at two preeeure altitudes. L* = 25 inches. 
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(a) Propoeed nitration-oxidation  hypotheaia. 
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(b )  Proposed NO2 - NO hypothesia. 

Figure 8 .  - Qraphical  representations of two hypotheses t o  explain combustion-chamber- 
pressure - time re la t ions .  
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